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Abstract 
Using borated water to control the criticality of reactor cores inherently has problems. 
Maintaining the integrity of such a system has safety implications, and chemical volume control 
systems are costly. Adding boron to the water also makes the moderator coefficient of reactivity 
less favorable . Today, a combination of borated water with the addition of burnable poisons to 
the fuel is commonly used to control reactivity over the core life . Burnable poisons not only 
decrease the need for boron, they also extend the reactor life by conserving fuel. Thus, the 
addition of burnable poisons is economical in that it extends the time between shutdowns. IRIS 
(International Reactor, Innovative and Secure) is a generation IV reactor concept whose 
philosophy is to address safety and economical difficulties in the design phase. Naturally, the 
conceivers of IRIS desire to eliminate the need for borated water - through the innovative use of 
burnable poisons. This project is a tool to acquaint myself with the nature of how such problems 
are solved before I begin graduate studies here that focus on this problem. It includes the simple 
simulation of a fuel assembly under various conditions using a SAS2H SCALE sequence, as well 
as the corresponding IRIS core for comparison. The approximations inherent to this sequence 
are gross, but it is an often-used technique that allows one to get "a feel" for the behavior of an 
assembly over reactor life. 
Table of Contents 
Abstract ............ ......... ... .. ......... .. ... ....... ... .. ..... .. ....... ... ... .... .... ................... ...... .................... ..... .... .. ... 2 
1.0 Introduction .. .... .................. ..... ...... .. ....... ...... .. ... .... ..... ...... ................ ... .... ...................... .... ... .. ... 4 
2.0 Statement of Problem ............ ...... ... ... ....... ..... ..... ...... .... .. ........ ..... ... ...... ..... ................... ....... ... ... 7 
3.0 Analysis of Data ................... ........................... .... ... .. ....... .. ...... ... .. .. .. ... ....... .......... ........... ... .. ..... 8 
4 .0 Conclusions ....................... ........... .................... .. ... .................. ... .......... ... .... ... ...... ..... ..... ........ . 12 
5.0 Recommendations for Future Work ............... ................ ........... ..... .. .. ...... ... ... ...... .. ..... .... ..... ... 12 
6.0 Bibliography ... .. .. ... .. ....... ....... ... ...... ........... ... ..... .. ......................... ..... ... .............. ........ ... .. ....... 13 
Figure List 
Figure I : Typical modern fuel Assembly .... ......... ............. .... .. ... .... .... ........ .. ........ ... .. ...... .............. 6 
Figure 2: The effects of varying enrichment and boron on reactivity swing ... .. ................ .. ... .. ..... 8 
Figure 3: The effects of adding a burnable poison on reactivity swing ............. ............. ... ... .... .... . 9 
Figure 4 : The difference between IRIS and today ' s PWR ... .......... ................... .... ..... .... .......... ... 10 
Figure 5: IRIS multiplication factor with a burnable poison ... .... ... .................. ... ..... ................... 11 
3 
1.0 Introduction 
IRIS (International Reactor, Innovative and Secure) is a generation IV reactor concept 
whose philosophy is to address safety and economical difficulties in the design phase. One of 
the more technically challenging difficulties is that of reactivity control. In any nuclear plant, the 
objective is to produce power by controlling the neutron population. When the neutron 
population is increasing, then the core configuration is supercritical; when decreasing, it is 
subcritical. The objective is to keep the neutron population roughly constant, or critical. In 
nuclear parlance, one uses a quantity known as the multiplication factor k, which might be 
thought of a ratio of the total neutrons in the current generation divided by the total neutrons in 
the previous generation. When this number is exactly one, the core is critical. Two things affect 
this number: material and geometrical configuration. Thus there are two ways to control the 
neutron population of a core, one by changing its makeup, and another by changing its shape. In 
current generation nuclear plants, this is done by inserting or removing control rods, which are 
made of materials that absorb neutrons quite well. Another commonly used method is by adding 
soluble boron to the core coolant, which is also a neutron absorber. Control rods are not 
generally used in day-to-day plant operation, though, since it is desirable to be able to insert a lot 
of negative reactivity into the plant quickly. 
At the Beginning of Life (BOL) of the core, extra reactivity must be present to be burned 
over the life of the core. At the End of Life (EOL) of the core, it is desirable to obtain a critical 
number of 1 without any reactivity control - since a subcritical reactor is unable to produce 
usable heat. Today, plants add a small amount of soluble boron to the core coolant to absorb the 
extra neutrons present at the BOL. This quantity may be decreased over the life of the core 
through the use of a Chemical Control Volume System (CCVS). There are drawbacks to this 
approach, however. Boron is added to the coolant as boric acid, so there is a slight safety risk in 
that too much could cause unwanted corrosion. Careful monitoring of the pH of the coolant 
becomes necessary, and the entire system is costly. Thus, the creators of IRIS desire to eliminate 
the need for soluble boron through the use of another reactivity control method: burnable 
pOIsons. 
Once the fuel is added to the core of IRIS, there will be no modifications (fuel shuffling 
or replacements) until the EOL. Burnable poisons are elements that are mixed with the fuel (or 
materials surrounding the fuel) during its manufacturing. They, too, strongly absorb neutrons, 
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but once this nuclear reaction occurs they become more invisible to neutron absorption 
interactions. In contrast, control rods are made of neutron-absorbing isotopes that transmutate 
into other neutron-absorbing isotopes. Examples of burnable poisons are Erbium and Europium. 
They are currently used in today's reactors, but the technologies employed today do not require 
the special attention that the IRIS core needs. Today's cores are both shuffled and refueled on a 
time frame on the order of 18 months. The IRIS core is to last 6 to 8 years . The University of 
Tennessee, in conjunction with Oak Ridge National Laboratories, obtained a grant this past year 
to design an innovative use of burnable poisons such that the need for soluble boron is 
eliminated. I have been chosen as the student assistant for this project, so it has become 
necessary for me to quickly learn current design tools for fuel depletion and reactivity analyses . 
Dr. Ronald Pevey, my faculty mentor, suggested I begin by using a I-Dimensional SCALE 
sequence to gain this familiarity: SAS2H. It is a relatively easy code to learn and quickly modify 
to examine the effects of changing core parameters such as burnable poison content. Using this 
sequence and data from a current PWR and the conceptual IRIS core, I will compare the 
differences and illustrate the effects of adding a burnable poison. Later, for graduate studies, I 
will be using a more robust fuel depletion program that accepts detailed input geometry. Since 
SAS2H is a 1-0 code, one cannot enter proper fuel assembly geometries. The technique is then 
to divide the materials into regions and smear them into a simple cylinder configuration. One 
must keep the proportions of the materials consistent with that of the real geometry. This is done 
by first picking a primary cell type from the assembly, usually the fuel cell. To illustrate this 
process, I will use data from a current reactor, since the data for these assemblies are publicly 
available. I have obtained special permission to show the results of these studies using the IRIS 
data, but cannot present the input data in this report. Figure 1 below shows a typical assembly 
for a Pressurized Water Reactor (PWR). It was obtained via Dr. Pevey's webpage. 
5 
• ·······~II······ ~ ;;;; .... -; ... ;.
! •••• • •• • • • ••••• 
=! [t]1. 1.I~e •••• _ •• 1. eljJi • ;;;; ... ~;;;~ i • • •• ••• • •• • •• ••• • ••• ;~ ••• ~Oii''5[j]. • ····.11~·· • · ~reJ~~· _  [1] ••• 'it - .~...-• Ifl'i'~ ••• 41 ••• ii!i .,
,~ • ~1· ~1· · ·· .;; . .• . .. .-•••••••••••••••• • •• • , •• ~o!! !!~~'I • • • 11.l! • ....... ;.; ...... • , .......•...... ~ ii •••••••••••••••• 
Figure 1: Typical modern fuel Assembly. 
This is a 17*17 (289 pins) Westinghouse fuel assembly. The primary fuel cells are the green 
cells. One sets up this primary cell for calculation by inputting the material regions (fuel, 
cladding, moderator) and entering their temperatures, densities, and radii. SCALE automatically 
smears this material into a single composition (material 500) and allows the user to input it into 
another calculation that accounts for secondary fuel cells. In this case, the secondary cells are 
the 25 remaining water cells that exist for the insertion of control rods and/or detector equipment. 
One then converts this square water cell into a cylindrical water cell and surrounds it with its 
share of the primary cell , in this case 289/25. Once one creates this configuration of a water cell 
surrounded by the smeared fuel cell , one may run the code and obtain the k values over the core 
life in the requested number of time increments. SCALE also requires some other details, such 
as the core height and the average assembly power. A typical input deck is included as 
Appendix A. The idea is that this smeared cell should approximate the behavior of the full 
assembly so that the designer may make hypotheses and test them quickly, without undergoing 
the rigorous input requirements of more precise depletion codes. The results below prove this to 
be correct. 
SCALE is called a calculation sequence because it is actually an amalgam of several 
older codes that once had to be run individually to achieve the same outcomes. When one runs 
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SCALE, it is necessary to choose one of several sequences available. The SAS2H sequence, for 
instance, first runs BONAMI to do resonance shielding and generate a library for NIT AWL-II, 
which then converts the library for use by XSDRNPM-S to do the actual I-D transport 
calculations, and so on. An outline of the actual calculation sequence is presented as Appendix 
B. 
2.0 Statement of Problem 
The creators of IRIS wish to eliminate the need for soluble boron through the innovative 
use of burnable poisons. Since I have been chosen as the student assistant for this project, it has 
become necessary for me to learn how to perform such studies outside the scope of 
undergraduate nuclear engineering courses. This project is being performed to acquaint me with 
the tools that engineers use to do this type of design. 
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3.0 Analysis of Data 
There are many assumptions inherent in the results below. One of them is to neglect the 
attenuation due to the superstructure of the assembly, that is, the grids and spacers. Another is 
that the burnable poison used below is isotopic (Eu-154), and this isotope is actually not 
available for industrial use today. Since the point is to gain familiarity with the code and get 
general results for the two cores below, these assumptions may be tolerated as long as one does 
not assign to much importance to the actual numbers below. 
To begin these studies I used only the PWR data, since the IRIS data were not available 
to me at that time. Figure 2 below illustrates reactivity swing over the core life in days. There 
are three graphs, one is a clean core configuration at 3.1 % enrichment, one is clean at 2.6% 
enrichment, and the other is 2.6% with a constant amount of soluble boron. Notice how the 
effect of increasing enrichment is to shift the graph up, and the effect of adding the boron is shift 
the graph down. 
Effective Multiplication Factor, No Burnable Poisons 
1.35,-------------------;--- --------,----- ---------, 
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1.25 f--'''r---___ ---------------i ~ 2.6% Enrichment 
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Figure 2: The effects of varying enrichment and boron on reactivity swing. 
1200 
8 
Figure 3 illustrates the effects of adding iterative amounts of a burnable pOlson, Europium. 
Notice here how the net effect is to suppress reactivity early in the core life, and to then nearly 
approach the original graph containing no burnable poison. There is another desirable effect -
suppression of the neutron population early in the core life also acts to extend the life of the core. 
Utilities find this property cost-effective, since any time a plant is shut down it is not making 
money, and extending the time between outages using the same amount of fuel serves to increase 
economy. 
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Figure 3: The effects of adding a burnable poison on reactivity swing. 
1200 
Figure 4 shows the general difference between a PWR core and the IRIS core. The IRIS core 
has much more excess reactivity at the begilU1ing, but the core life is about three times longer. 
One can clearly see the need for burnable poisons here. 
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Figure 4: The difference between IRIS and today ' s PWR. 
Finally, Figure 5 shows the effects of adding iterative amounts of Europium to the IRIS core. 
This is a very simple approach to the reactivity control; other methods may include adding 
several kinds of burnable poisons, or adding different concentrations in different regions of the 
core. The studies in this paper cannot address the effects of varying the poison geometry, since 
all the regions are smeared together. They could entail a variation in poison types and mixtures, 
but that work will be perfonned later during my graduate studies. 
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IRIS mutliplication factor with Europium-154 
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Figure 5: IRIS multiplication factor with a burnable poison. 
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4.0 Conclusions 
While this project certainly does not eliminate the need for soluble boron in IRIS, it has 
familiarized me with the intricacies of a valuable tool for its design. The above results show that 
I am able to perform calculations by varying both the assembly design and the burnable poison 
content. Although the SCALE SAS2H sequence is relatively easy to learn, it did take enough 
effort that, had I not had this as a project, I probably would not have taken the trouble to learn it 
outside a graduate class. That said, it will be extremely useful to me this summer, when I begin 
the in-depth studies this problem entails. 
5.0 Recommendations for Future Work. 
There is a need to further investigate various types and quantities of burnable poisons to 
hone in on an optimum design. This may be done easily by changing the fuel material to include 
the different isotopes by their weight percents. Europium-l 54 was only used in these analyses 
for illustrative purposes. 
With the preliminary depletion analyses out of the way, the next task would be to check 
another core design constraint to see if different types and quantities of burnable poisons may be 
added to control the reactivity swing and prolong core life. Sometimes adding negative 
reactivity to a core gives the core a positive reactivity coefficient. This means that when the 
temperature offuel and coolant increases, so does the reactivity. One would like to design a core 
such that when it gets hotter, it begins to shut itself down (i.e. decrease reactivity). In this state 
the core is said to have a negative reactivity coefficient. One may perform analyses at any point 
in the core's life to check these coefficients; the technique is to vary the moderator density and 
see if the multiplication factor increases or decreases. If it increases as density goes down, then 
the core has positive feedback, and one would not be allowed to operate such a reactor in the 
United States. Thus it makes sense to investigate this matter early. 
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DEN=1 0 . 5 1 .0 860 92235 3. 1 92238 96.9 END 
1. 0 65 0 END 
DEN= . 71 1. 0 511 END 
SQUAREPITCH 1.2 6 . 81915 1 3 . 9 5 2 . 83 566 0 END 
NPIN / ASSM=2 89 FUELNGTH= 36 6 NCYCLES=l NLIB / CYC= 8 PRINTLEVEL=4 I NPLEVEL= 2 
NUMZTOTAL= 2 END 
3 0 .67 1 500 2.4 17 
POWER=17.5 BURN=1 200 DOWN=15 END 
END 
Explanation: 
The input above is for a typical PWR fuel assembly. The first line tells SCALE to invoke the 
SAS2H sequence, and to skip the shipping cask data. The second line is a title line that is used 
throughout the output. The third line calls for the 44-group cross section library as given in 
NDF5, and to use a lattice geometry. The next three lines (U02 through H20) give the material 
densities, temperatures, and isotopic makeup. The "squarepitch" line gives the assembly 
parameters: pitch (distance between subsequent cells), fuel radius, material regions, outer clad 
radius, another material region, and the inner clad radius. The following line is nearly self 
explanatory: the number of pins per assembly, the active core height, the number of cycles to 
iterate, the number of output listings per cycle, two programmer's parameters, and the number of 
regions in the smeared calculation. That concludes the first calculation that creates material 500. 
The next line gives the moderator material number, its outer radius, and then surrounds that with 
the smeared fuel at radius of 2.417 cm. The final line tells SCALE to run the calculation at a 
power level of 17.5 Megawatts/assembly, and to bum for 1200 days with a 15 day downtime. 
That concludes the input. Variations using burnable poisons are made by adding other isotopes 
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